proposed for these systems (10). Large negative energies were obtained for AE2 for the a helix, in agreement with the proposed 1-4 hydrogen bonding. Similarly, the 1-3 pattern of the 31o helix was reflected in the value calculated for AE1. For other values of m > 0, AEm was found to be of considerably smaller magnitude, indicating little interaction between nonadjacent peptide units other than those hydrogen-bonded in these helical conformations.
Analyses of three-dimensional protein structures by purely quantum mechanical methods remain beyond the power of the most sophisticated computers and programming techniques. So far, the largest polypeptide chains studied by quantum mechanics have been limited to the pentamer level (1, 2) . For larger oligomers, it has been generally necessary (3) (4) (5) (6) (7) (8) (9) to partition the total energy into contributions that seem to be the most important on physical grounds-e.g., electrostatic, nonbonded, hydrogen-bonded, bond stretching, bond-angle bending, and torsional-aiigle twisting contributions. Although many useful insights can be obtained from such a semi-empirical decomposition, proper choice for the analytical forms of many of the potential functions required and reliable evaluation of the even larger number of parameters that characterize them have proven difficult. We report here an alternate method of evaluating-the total energy of a polypeptide which circumvents many of these difficulties in that quantum mechanical methods, which involve no empirical parameters, are used to evaluate the most important interaction energies between residues.
DESCRIPTION OF METHOD
Following Kleier and Lipscomb (2), we let AEp_.. I represent the interaction energy between peptide units i and j. Thus, AEo designates the interaction between two adjacent units, AE1 that between two units separated by one other unit along the chain, etc. In refs. 1 and 2, the pair of dihedral angles* k and V. were restricted to the same values for each residue. Thus, only regular helical structures were considered in which the relative orientations of peptide units i and (i + k) are independent of the value of i. With these restrictions, the total energy, En, of an n-peptide was expressed by n-2 Enm= , (n -m AE0. proposed for these systems (10) . Large negative energies were obtained for AE2 for the a helix, in agreement with the proposed 1-4 hydrogen bonding. Similarly, the 1-3 pattern of the 31o helix was reflected in the value calculated for AE1. For other values of m > 0, AEm was found to be of considerably smaller magnitude, indicating little interaction between nonadjacent peptide units other than those hydrogen-bonded in these helical conformations.
These results suggest a partitioning of the total energy into the sum of parts: the "dihedral energy" which is the sum of the interactions between all adjacent peptide units (AEo), and the "hydrogen bond energy" between all suitably arranged nonadjacent peptide units. Conformational maps for the dihedral energy have already been obtained by several quantum mechanical methods (11) (12) (13) . As an example, we show in Fig. 1 a conformational energy map of the dipeptide N-formylglycylamide as calculated by the PRDDO method. The second term in the partitioning scheme requires the evaluation of the "hydrogen bond energy" between peptide units in many different relative orientations. For this purpose, we fit an empirical function for the interaction energy between two amide units to quantum mechanical results as described in the following paragraphs.
The amide units are modeled by two formamide molecules with fully planar geometries and idealized bond lengths and angles. The formamides are positioned such that the CO group of one molecule (fl) points toward an NH group of the second (f2). Under these conditions, six coordinates are needed to characterize the interaction energy. We take the carbonyl oxygen atom of f, as origin. The polar axis is taken to be perAbbreviations: PRDDO As in previous studies (1-4) , all peptide linkages were taken to be planar (trans) and only regular helical conformations were considered. The standard geometry of Scheraga (5) was used.
The total interaction energy between all pairs of nonadjacent residues, EHB + EWp, is shown as a conformational map in Fig.   2 . The energies of all configurations were calculated relative to the fully extended (FE) conformation (-180°, -180°). As in all other maps of polyglycine, a center of symmetry is present at (0°, 0°). The cross-hatched region denotes close internuclear contacts and hence high energy. This region is seen to follow approximately the line corresponding to a ring structure in the chain (10) . Configurations in the vicinity of this region therefore contain helices of very low pitch, resulting in close contacts between residues on consecutive turns of the helix. In the figure are three minima lying approximately along the line A = 0. Each of these minima is due to hydrogen bonds between different peptide units. The deepest minimum at (-35', -350) contains a strong hydrogen bond between peptide units separated by one other unit (the 1-3 bond suggested for the 31o helix). Similarly, the minimum at (-48°, -57°) contains a 1-4 bond (as in the a helix), and that at (-900, -900) contains a 1-6 (and a weaker 1-5) bond.
Addition of the "dihedral energy" to EHB + E7.p yields the total energy of the polypeptide which is shown in Fig. 3 . Of the three minima calculated, the deepest occurs at (-48°, -57°), the configuration expected for an a helix (10 (Fig. 1) . There are several widely used empirical schemes for calculating the total energy of a polypeptide. One widely used method (6) partitions the total energy into contributions from electrostatic, nonbonded, hydrogen-bond, and torsional forces. The 20-unit polyglycine conformational energy map computed by the method of Scheraga and coworkers is shown in Fig. 4 . The deepest minimum lies at (-52°, -52°) near the position of the a helix. The hydrogen-bond distance, rOH, in the 1-4 hydrogen bond of this configuration is 1.90 A compared to 1.84 A for the conformation (-48°, -570). The energy of the a helical minimum is 1.5 kcal mole-' residue-' more stable than the FE conformation whereas the analogous quantity in our work (Fig. 3) is 3. 3. Scheraga's method predicts a second minimum at (-950, -85°) which is 0.4 kcal less stable than the absolute minimum. These two minima are due chiefly to nonbonded interactions. The position and shape of the a helical region are determined by considerations of minimization of interatomic repulsions. A -balance between dispersionary attractions and interatomic repulsions is responsible for the Scheraga's method corresponds closely to the 27 ribbon structure which is also found by our method in Fig. 3 . The configuration at (-85°, +800) is calculated in Fig. 4 Crystalline polyglycine is known to exist in two different forms (14) . Polyglycine I contains substantial amounts of (3-sheet structure; in polyglycine II, three strands are wound around each other to form a triple helix. The system that has been examined in this study, however, is an isolated single strand of polyglycine. In this system there is no possibility of the interchain hydrogen bonding that is a necessary ingredient of both the d-sheet structure and the triple helix. It is therefore not surprising that neither polyglycine I nor II is found at an energy minimum in any of these calculations.
Structures such as the a helix, on the other hand, are stabilized by hydrogen bonding between residues on the same chain. Both our procedure and that of Scheraga and coworkers predict the a helix to be the most stable conformation for a single strand of polyglycine. The replacement of the hydrogen of glycine with the side chains of many of the amino acid residues would not be expected to alter this result drastically. For example, Scott and Scheraga (3) have found the a helical structure to be most stable for poly-L-alanine as well. The a helix has been observed in the x-ray crystallographic structures of numerous globular proteins and is by far the most commonly observed helical formation. The minimum energy conformation predicted by our method coincides with the classical a helical structure (10) , whereas that found by Scheraga's procedure lies several degrees away and is somewhat less stable than is ours.
Another type of helix that depends on intrachain hydrogen bonding is the 31o helix. The second most stable structure as calculated by our treatment is found within several degrees of the classical 310 helix (10) Fig. 1 .) The second minimum found by the method of Scheraga et al. occurs at (-950, -850) and is calculated to lie within 0.4 kcal of the absolute minimum. Very few residues of globular proteins, however, have been found in this region of configuration space nor have there been found any helices with such parameters (11) . The presence of this minimum would therefore appear to be an artifact of Scheraga's procedure, being due in part to dispersionary attractions that are not included in our method. Inclusion of such terms in our algorithm does not result in the appearance of a similar minimum.
The third minimum, found by both methods, is the 27 ribbon, which includes a C7 ring structure. Although observed for dipeptides, this configuration is uncommon in proteins (11). As mentioned above, this structure owes its stability to the interaction between adjacent residues. There is some question as to the relative stabilities of the C7 structure and the fully extended region which may be characterized as a C5 ring conformation. Infrared and nuclear magnetic resonance studies of dipeptides have provided evidence that both configurations are present in dilute solutions of nonpolar solvents. Various quantum mechanical studies yield conflicting results on the relative stabilities of the two structures (11) (12) (13) . The ab initio STO-3G method, for example, predicts the FE structure to be more stable (12) . Thus, if the "dihedral energy" were computed at the STO-3G level, the ribbon structure in Fig. 3 would be found to be less stable than the FE conformation. A more accurate ab initio treatment might therefore suggest that the 27 ribbon structure is less likely to be observed. Regardless of the quantum mechanical method used, the ribbon structure is predicted to be much less common than either the a or 310 helices by our method.
DISCUSSION
Our calculations lead to the conclusion that the a helix is the most energetically favorable conformation of a single strand of polyglycine in vacuo. The situation might be expected to change if the polymer were allowed to interact with its environment. For example, introducing additional polypeptide strands would allow interchain hydrogen bonding and thus introduce the possibility of :-sheet structure. Such interchain bonding might effectively compete with the intrachain bonding of the a helix. The introduction of an aqueous environment would allow hydrogen bonds between peptide and water molecules and might also be expected to compete with intrachain hydrogen bonding. The extended conformations that allow a large degree of solvation would become, under these conditions, more stable relative to the helical structures. An extension of the method to include these interactions might afford some insight into the folding of a protein in vitro.
We have also taken no account of entropy, which might alter our conclusions. It has been noted, for example, that glycyl residues are, by nature, helix breaking (15) . That is, the presence of such a residue in an amino acid sequence causes a marked reduction in the stability of the a helix relative to a random conformation. Polyglycine has not been found in an a helical conformation in either the solid state or solution (16) . However, this effect has been attributed to the lesser entropy of the helical structure. The glycyl residue with its very small side chain is normally free to adopt a wide range of conformations. ReProc. Nati. Acad. Sci. USA 75 (1978) stricting the glycyl residue to a conformation suitable for a helical structure thus results in a rather large decrease in entropy (17) . The absence of any known a helical structure of polyglycine would therefore be due to entropy effects rather than to considerations of enthalpy.
The procedure described in this communication is strictly applicable to polyglycine. The conformational energy map of the dipeptide showp in Fig. 1 has been computed for glycyl residues only. An extension of the method to include other amino acids would necessitate a separate conformational map for each additional residue. Such computations are within the range of present quantum mechanical procedures and have, in fact, been performed previously for most residues via the PCILO procedure (11) .
Inclusion of nonglycyl residues such as serine and lysine leads to hydrogen bonds of a type other than the peptide-peptide bonds treated here. Each type of hydrogen bond may be dealt with in the same fashion as the amide-amide bond described above. The determination of empirical hydrogen bond functions via quantum mechanical calculations for other model systems is quite feasible at the present time. In this way, treatments of large complex systems are possible. For 
